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SUMMARY
Ethylene (ethene) was found to inhibit methane formation in slurries from sewage sludge and sediment samples taken from freshwater and marine sources. Methane formation from sediment contents was inhibited by 50% at 0.07% ethylene concentration in the gas phase (approx. 5 #mol-l -1 in the aqueous phase) and by 94% at >i 0.5% ethylene in the gas phase (>1 36 #mol. 1-1 in the aqueous phase). Sulphate reduction was not impaired. Methane formation from added acetate, hydrogen or methanol was inhibited by >1 98%, from lactate by about 90%. The inhibition was reversible, and methanogenic activity recuperated completely after ethylene removal. Cyclopentadiene and cycloheptatriene led to strong inhibition; benzene, toluene, isoprene, and 1-hexine to moderate inhibition of methanogenesis; several unsaturated linear hydrocarbons were without effect. Pure cultures of Methanospirillum hungatei, Methanothrix soehngenii, and Methanosarcina barkeri were all inhibited by 50% at 0.05-0.1% ethylene concentration in the gas phase (3.6-7.2 /zmol. 1-1 in the aqueous phase). Pure cultures of Acetobacterium woodii, Halobacterium halobium and Sulfolobus acidocaldarius were not significantly inhibited by either ethylene or acetylene. Ethylene is recommended as a selective inhibitor of methanogenesis for physiological and enrichment experiments with sediment and sludge sampies.
INTRODUCTION
Microbial methane formation is inhibited by halogenated methane analogues [1] , unsaturated fatty acids, sulfite [1] and 2-bromoethane sulphonate [2] .
Furthermore, acetylene [3] [4] [5] [6] [7] and ethylene [5,71 were found to inhibit methanogenesis in sediments, paddy soils, and in pure cultures. Whereas inhibition by bromoethane sulphonate and chloro-form (at low concentrations) is specific for methanogenic bacteria, acetylene also inhibits some sulphate-reducing bacteria [8] and nitrifying bacteria [9] . Inhibitory effects of ethylene on bacteria other than methanogens have not yet been reported.
In the present communication, more detailed information is provided on the inhibitory effect of ethylene on methanogenesis in natural sediment and sludge samples and on the microorganisms affected.
METHODS
Black, anoxic sediment samples were obtained from polluted freshwater creeks in the F.R.G. and from the Canal Grande in Venice, Italy. Anoxic sewage sludge was taken from municipal sewage treatment plants in G(Sttingen and Konstanz, F.R.G.
Aliquots of 5 ml creek sediment or sewage sludge were transferred by syringe into 120-ml serum bottles which contained 50 ml anaerobic carbonate-buffered freshwater mineral medium, with or without 10/~mol. 1-1 sulphate [10, 11] and were gassed with nitrogen/CO 2 mixture (80%/20%) and closed with black butyl serum stoppers and aluminum crimps. Salt water medium was used for sediments from Canal Grande and contained an additional 19 g NaC1 and 2.6 g MgC12 • 6 H20 per 1. Ethylene and acetylene were obtained from Fa. Messer Griesheim, Frankfurt, F.R.G. Before application to the test vials, the gases were washed in serum bottles with small amounts of water (3 ml in 60 ml bottles) in order to remove water-soluble contaminants (e.g., phosphines) which were possibly toxic. Transfer into cultures was carried out with syringes, if necessary after dilution in nitrogen gas. Liquid hydrocarbons were added to slurries to 0.1% final concentration. Bottles were incubated at 28°C. All results shown are means of at least two independent parallel assays.
Pure cultures of M. hungatei strain Mlh [10] , M. soehngenii [12] and M. barkeri DSM 800 were grown in freshwater medium with 80% H 2, 20 mmol. Methane, ethylene and acetylene were determined with a Perkin-Elmer Sigma 4B gas chromatograph equipped with a molecular sieve column 0.5 nm 60-80 mesh, 0.5 m, 1/8") and a flame ionization detector. Concentrations of dissolved ethylene and acetylene were calculated after standard tables [13] . Sulphide was quantified by the methylene blue method [14] .
RESULTS
In an attempt to test ethylene for methanogenic degradability, ethylene-containing enrichments were found to form far less methane than ethylene-free controls. The effect of ethylene concentration on methane formation was studied in sediment samples exposed to varying amounts of ethylene in the head space. In all assays, methane was formed at a nearly constant rate over 2 weeks. Fig.  1 shows the amounts of methane formed by a freshwater creek sediment after 12 days of incubation with varying amounts of ethylene or acetylene. 50% inhibition was found at 0.07% ethylene concentration in the head space, corresponding to 5 /~mol ethylene per 1 in the aqueous sediment. At 0.5% and higher ethylene concentrations (>/36 /xmol. 1-1) methane formation was inhibited by 94% but could not be abolished completely. Acetylene inhibited methane formation more efficiently: 50% inhibition was found with 0.015%, and 97% inhibition with 0.3% acetylene in the head space. Sulphide formation in parallel assays provided with sulphate was not impaired by ethylene. Similar results were obtained with sewage sludge and marine sediment, although methane formation in the latter was one order of magnitude lower than in the freshwater slurries (results not shown).
Ethylene inhibited strongly the formation of methane from substrates utilized by methanogens. As shown in Fig. 2 , methane formation from added acetate, methanol, or hydrogen/CO2 by a slurry of Canal Grande sediment was inhibited by more than 98% if the gas atmosphere contained 5% ethylene. In the presence of ethylene, some methane formation occurred only when lactate was provided as substrate. These results suggest that the observed inhibition of methanogenesis is mainly due to a direct inhibitory action on the methanogenic bacteria themselves. Fig. 2 also shows that inhibition of methane formation by ethylene was reversible. When ethylene was removed from the inhibited slurries by gassing with N2/CO2, methane formation recuperated and soon reached the same rates as the ethylene-free controis. In parallel samples incubated with ethylene for 6 weeks, methane formation did not recuperate until ethylene was removed. Pure cultures of M. hungatei, M. soehngenii, and M. barkeri were exposed to various concentrations of ethylene during growth. With all three strains, growth and methane formation were completely abolished at concentrations higher than 0.2% in the head space, and 50% inhibition was found at 0.05 to 0.1% concentration (corresponding to 3.6-7.2 #mol-1-1 in the liquid). Other hydrocarbons were tested for a possibly inhibitory effect on methanogenesis in sediment slurries. Cyclopentadiene and cycloheptatriene were found to be very potent inhibitors (97% inhibition) whereas benzene, toluene, isoprene, and 1-hexine inhibited methanogenesis only moderately (54 and 67% inhibition, respectively; Fig.  3 ). No inhibitory effect was observed with hexane, 1-hexene, cis-2-hexene or trans-2-hexene.
Pure culture studies on growth inhibition by ethylene were carried out with A. woodii, H. halobium, and S. acidocaldarius. Growth of A. woodii was not influenced by ethylene up to 5% concentration in the head space, and H. halobium and S. acidocaldarius were only weakly inhibited at 20% ethylene or acetylene concentration.
DISCUSSION
Ethylene (ethene) is an important hormone of green plants which functions in the regulation of germination, growth, flowering, dormancy and senescence. In plant tissue, ethylene is metabolized via oxygen-dependent epoxydation and hydrolysis to ethylene glycol [15] . Aerobic microbial degradation of ethylene occurs via the same pathway [16] . The oxidation of ethylene to ethylene glycol was shown to be inhibited by acetylene (ethine) [17] .
Both ethylene and acetylene are oxidized by aerobic methane-oxidizing bacteria, a process which can influence the results of the acetylene reduction test in natural samples [18] [19] [20] .
In the absence of oxygen, hydrocarbons are usually considered to be inert to microbial activities [21, 22] although contradicting reports on anaerobic hydrocarbon degradation appear occasionally in the literature (see [23] ). Culbertson et al. [24] reported anaerobic oxidation of acetylene with concomitant stimulation of sulphate reduction, probably via acetate formation and oxidation. The authors were able to maintain an anaerobic enrichment culture on acetylene as the sole source of carbon and energy.
In an attempt to test ethylene for anaerobic biodegradability it appeared that ethylene also strongly inhibited methane formation from inoculum contents. In the present paper, this effect was studied with respect to the sensitivity of methanogenesis towards ethylene and the specificity of inhibition. It turned out that ethylene inhibited methane formation from directly methanogenic substrates, and that fermentative processes other than methanogenesis, as well as sulphate reduction, were not significantly impaired. Ethylene was shown to inhibit methanogenesis nearly as efficiently as acetylene, which prevents methanogenesis at 8 Fmol.1-1 in pure cultures of methanogenic bacteria [7] . However, it has to be kept in mind that the solubilities of ethylene and acetylene in water differ by a factor of about 400 [13] , thus much higher concentrations of ethylene than of acetylene in the culture head space are required to produce the same concentrations of dissolved gas in the aqueous phase. This difference in solubility is probably the reason why inhibition of methanogenesis by ethylene has previously been considered as of only minor importance.
Our results so far do not allow for speculation on the inhibition mechanism. Studies on the inhibition of methanogenesis by acetylene revealed that key enzymes of methane formation in M. hungatei were not directly affected by the presence of acetylene [7] . These authors assumed that acetylene destroys the proton gradient across the membrane and thus leads to a breakdown of energy metabolism. In the present study, neither H. halobium nor S. acidocaldarius were found to be significantly inhibited by ethylene or acetylene.
If inhibition of methanogenesis by acetylene is caused by the mechanism mentioned above, this effect appears to be restricted to the methanogens. Since growth of A. woodii on methanol was impaired by neither ethylene nor acetylene, these gases apparently do not interfere with redox reactions involved in the C 1 metabolism of this bacterium, either.
At present, it remains an open question whether or not ethylene is degraded in the absence of oxygen. During our incubation experiments, no significant decrease of ethylene concentration was observed over more than 3 months of incubation. On the other hand, other unsaturated hydrocarbons, e.g., 1-hexadecene and squalene, were shown to be anaerobically converted to methane and carbon dioxide (25) .
The stability of ethylene in the absence of oxygen attributes some advantage to this inhibitor of methanogenesis over, e.g., bromoethane sulphonate or chloroform, which both undergo fast decomposition when applied to sediment sampies. Acetylene is readily oxidized in sediments [24] and this observation was found to be true also in the author's lab, particularly for marine sediments. Thus, ethylene appears to be a well-suited inhibitor which was successfully used in the author's laboratory for specific reversible inhibition of methanogenesis in long-term sediment incubation experiments and enrichment cultures.
